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Résumé :
Le procédé demalaxage est un nouveau procédé de durcissement superficiel desmétaux, procédé simple,
sans impact sur l’environnement et adaptable sur machine-outil conventionnelles ou à commande nu-
mérique pour en assurer une diffusion plus large. Une analyse expérimentale couplée à une étude nu-
mérique thermique de ce procédé sur des échantillons d’un alliage de cuivre au béryllium (B194) est
proposée dans ce papier.
Abstract :
The Friction Stir Processing is an innovative surface engineering method, considered as a green pro-
cessing technique. A good understanding of the process can be reached by the combined efforts of expe-
rimental examination and numerical modelling. In this study numerical and experimental investigations
of Friction Stir Process (FSP) have been carried out on samples of B194 ASTM copper-beryllium alloy.
Friction Stir Processing, Non-linear thermal model , B194 ASTM copper-
beryllium alloy
1 Introduction
One of the major advantages of Friction Stir Processing (FSP) as compared with other hardening su-
perficial methods, lies in the fact that FSP is a simple and green technic that can be applied in situ on
different components surfaces and which produces a local fine recrystallized layer enhancing mechani-
cal properties, especially hardness. Moreover, based on the thermo-mechanical mixing of the surface of
traded components without adding a supplementary material like in the case of coating, no weakness
interface is created. Its principle based on friction stir welding (FSW) [9] is a simple thermo-mechanical
process which employs arotating tool that moves along a workpiece surface under a normal load that pro-
duces strain and heat [4]. Thus, the friction between the tool and the work piece creates microstructure
modifications by homogenization and refinement. The heat generation mechanism is influenced by the
process parameters like normal load, rotational speed, transverse speed and geometric data concerning
tool and work piece. Friction Stir Processing have been applied on different materials like aluminium,
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(a) Experimental device
(b) FSP Data
Figure 1 – Friction Stir Process
titanium, steels [7, 9, 11, 6, 4]. This technique can also be applied to copper and copper alloys. Recently,
Langlade et al. [6] in a study concerning FSP on B-416 copper beryllium alloy, concluded that this tech-
nique appears to be an appropriate superficial treatment method to improve local mechanical properties
of this material, producing high hardness (approximately 260% higher that the initial value of the base
material) and different thickness layers relative to process parameters. In addition, due to its importance
for industrial applications, especially good oxidation and corrosion resistance as well as high electrical
and thermal properties, B194 is a good candidate when hardening is needed only at the surface. Thus,
the aim of this second study onB−416 is to characterize furthermore the FSP behavior of this material
with regard to the phenomena of strain and heat generation by numerical simulation to elucidate the link
between the FSP parameters and the prediction of the thickness of modified layers. Finally, the results
of the numerical simulation will be compared to the experimental data.
2 Experimental Device
The main characteristics and forms of samples and tool used in this study are presented in Table 1
and Figure 1. The samples were processed by FSP using a 4-axis numerically controlled milling center
(Gambin 50C) instrumented in force measuring, with a cylindrical tool in H13 of 10mm diameter,
without pin.
In order to establish the functional relationship between friction stir process parameters (normal force,
rotation speed and traverse speed) and the evolution of temperatures several cases have been studied.
More specifically, in this paper, the influence of the normal force were investigated (Table 2). The pa-
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Material Be Co+Ni Co+Ni+Fe Cu
(wt%) (wt%) (wt%) (wt%)
ASTM B194 1.8-2 0.2 min 0.60 max Balance
Table 1 – Composition of B194
Trial Traversal Speed Rotation speed Normal Force Measured Temperature
u (mm/min) r (rpm) Fn(N) T (0C)
1 40 1000 1100 166
2 40 1000 1350 190
Table 2 – Combinations of FSP parameters
rameters have been retained taking into account the results obtained in previous works of Langlade
et al. [6]. The temperature measurements during FSP have been made by infra-red technique with a
Rayan CA1884 camera 2. For microstructure observations the specimens where cut perpendicularly to
the processing trace by water jet and prepared by standard metallographic procedures. The samples was
observed by optical (OM) and scanning electron microscopy (SEM).
3 Thermal Model of FSP
A physical understanding of the good process can be reached by the combined efforts of experimental
examination and numerical modelling. To this end, A 3D non-linear thermal model was developed to
simulate the thermal history. The simulated temperature distributions were compared with experimental
values.
Thermal aspects appear highly important in the understanding of the FSP. From a physical point of
view, the real process is thermomechanical because the thermal and mechanical aspects are coupled.
From a numerical point of view, a purely thermal model can lead, like a modelling first step, to a good
understanding of the FSP process. Moreover, these models are faster than thermomechanical ones and
can be used as a first part of an uncoupled residual stress model or in optimisation process of FSP/FSW
[8].
Several thermal models of FSP/FSWwere developed describing the main heat source as friction between
tool and workpiece and plastic deformation around the tool [1, 3, 5, 8, 10]. During the FSP, the tool
moves along the workpiece surface. To model such motion, the moving heat source, is fairly complex.
To facilitate the modelling, a different approach is used in this work : a moving coordinate system is fixed
at the tool axis as in reference [12]. After making the coordinate transformation, the heat transfer problem
becomes a convection-conduction problem that is straightforward to model. The model presented in this
paper includes some simplifications and some important hypotheses.
— The heat generated at the tool shoulder/workpiece interface is frictional heat.
— No heat flows into the workpiece if the local temperature reaches the material melting tempera-
ture.
The following heat transfer model is used to evaluate the temperature fields produced in the workpiece
during FSP. In the heat transfer analysis, the transient temperature (T ) which is a function of time t and
the spatial coordinates (x, y, z), is estimated by the three dimensional nonlinear heat transfer equation
based on Fourier’s law of heat conduction/convection :




= k4T︸ ︷︷ ︸
Conduction
− ρCp u · ∇T︸ ︷︷ ︸
Convection
+ Qpin (1)
where ρ is the density, Cp the specific heat capacity, T the temperature, k the thermal conductivity,
q = −k∇T the heat flux and Qpin is the heat generated by friction at the tool.
Equation (1) includes a convective term in addition to the conductive term. This is a consequence at-
tachment of the coordinate system origin to the center tool axis. This is an original point compared to
others thermal model of FSP where the convection is not considered [1].
In this study, only heat generation due to the friction between tool and the workpiece was considered.
and the local heat flux generation (caused by the friction) per unit area (W/m2) at the distance R from
the center axis of the tool can be calculated by the following expression [2] :
Qpin(R, T ) =
{
µFnA R ω if T < Tmelt
0 Otherwise
(2)
where R is the distance from the calculated point to the axis of the rotating tool. µ is the friction coef-
ficient between the tool and the workpiece (supposed constant in this model). w = 2pir is the angular
velocity of the tool.
Two types of thermal boundary conditions are defined in this model. The heat flux boundary condition










= h(T − T0) (4)
n is the normal direction vector of boundary, and h is the convection coefficient and T0 is the ambient
temperature (300K). The surface of the workpiece in contact with the backup plate is simplified to the
convection condition with an effective convection.
4 Discussion and results
In the present study, experimental investigations of heat generation during FSP were performed. FSP
experiments with different combinations of processing parameters were conducted and are listed in table
2. These experimental results were compared to numerical ones : the numerical temperature (maximal)
was evaluated behind the tool by using the model introduced in the section before. A good correlation is
observed between the experimental data and computational results . This shows that the proposed thermal
model can be used to predict effect of the various FSP parameters on the temperature distribution. The
simulated temperature history of FSP at different process parameter combinations are presented in Figure
2.
The temperature is the highest in the contact zone between the rotating tool and the workpiece. Behind
the tool, the process transports hot material away, while in front of the tool, new cold material enters
Figure 3.
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Figure 2 – Temperature history along the processing line
(a) Trial 1 (b) Trial 2
Figure 3 – Numerical temperature field
Infra-red camera data from FSP experiments along with predicted temperatures from two boundary
conditions are shown in Table 2. In the experiment, the camera measurements show the maximum tem-
perature experienced, which may occur slightly upstream or downstream of the pin. Generally, the expe-
rimental data and the two numerical results are in good agreement. The maximum predicted temperature
for trial 1 and trial 2 are respectively 1600C and 191 0C. The predicted temperatures at the retreating
side are nearly identical to the measured values.
5 Conclusion
Our focus on this paper was to simulate the thermal behavior of the FSW tool during a complete friction
stir process. The results of the thermal simulation have shown realistic performance. The main idea
is to use this numerical model in an optimisation process of FSP. In a practical way, optimisation is
synonymous with the use of long running and computationally intensive simulations. This type of model
proposed in this paper is faster and simpler than thermomechanical one. So they are very efficient and
convenient to run a first step of optimization. Then more complicated models can be used to refine the
search.
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